The existence of two pathways for glutamate biosynthesis has been demonstrated in several microorganisms (4, 16, 18, 31, 36, 40) and higher plants (1, 6, 15, 23, 32, 39) . One pathway consists of the action of the NADP-dependent glutamate dehydrogenase, and the other involves the concerted action of glutamine synthetase and glutamate synthase (GOGAT).
Escherichia coli NADPH-GOGAT and Azospirillum brasilense NADPH-GOGAT have been extensively studied. They are composed of two subunits with molecular masses of 135 and 53 kDa (24, 29) . The genes that code for the large and small polypeptides have been cloned and sequenced previously (9, 27, 28) .
In higher plants, GOGAT occurs in three forms that differ in molecular mass, kinetics, location within the plant, and cofactor specificity (38) . The genes that code for NADH-GOGAT from alfalfa (Medicago sativa) (14) and Fd-GOGAT from maize (Zea mays) (32) have also been cloned. Comparative analysis of the amino acid sequences of these two GOGATs with that of E. coli revealed highly conserved regions (14) .
A protein which bears GOGAT activity has also been purified from baker's yeast. This protein is a dimer composed of a large subunit (169 kDa) and a small subunit (61 kDa) (19) .
The isolation of Saccharomyces cerevisiae mutants impaired in GOGAT activity has previously been reported (7, 25) . Genetic analysis of one of these mutants, CN39 (MAT␣ gdh gus1 gus2), showed that its lack of GOGAT activity was due to the presence of two mutations (gus1 and gus2), which suggests the existence of two GOGAT enzymes in S. cerevisiae (7) .
In order to definitively establish whether there is one GOGAT enzyme or two GOGAT enzymes in S. cerevisiae, we decided to purify the enzyme and construct null GOGAT mutants.
We report here the purification of this enzyme and cloning of the yeast GOGAT structural gene. Our results show that the protein is a homotrimeric enzyme composed of 199-kDa polypeptides. We were also able to isolate GOGAT-disrupted yeast mutants completely devoid of NADH-GOGAT activity.
Our results show that S. cerevisiae has a single NADH-GOGAT enzyme composed of 199-kDa monomers similar to those found in other eukaryotic organisms.
MATERIALS AND METHODS
Purification of GOGAT from S. cerevisiae. S. cerevisiae CN36 (MATa his lys1 gdh1 GUS1 GUS2) (7) was grown in a 15-liter fermentor on 10 liters of minimal medium which contained salts, trace elements, and vitamins following the formula of yeast nitrogen base (Difco Laboratories, Detroit, Mich.), supplemented with 2% glucose and 40 mM (NH 4 ) 2 SO 4 . Histidine and lysine were added at 0.01% (wt/vol) as auxotrophic requirements. Cultures were incubated at 30ЊC and 300 rpm and aerated with 7 liters of oxygen per min. Cells were harvested at an optical density at 600 nm of 2.0 and stored at Ϫ70ЊC until used. GOGAT was purified by the following procedure. Crude extracts were obtained after mechanical disruption of cells with a Bead-Beater (10 cycles of 1 min). After centrifugation at 35,000 ϫ g for 30 min, protein extract was diluted to 30 mg/ml.
(ii) Step 2: ammonium sulfate precipitation. Proteins which precipitated at between 30 and 53% saturation with ammonium sulfate were resuspended in 20 mM potassium phosphate buffer (pH 7.5), 1 mM EDTA, 2 mM 2-oxoglutarate, 1 mM DTT, and 1 mM PMSF (buffer A) at a concentration of 60 mg/ml, as described by Sakamoto et al. (33) . The mixture was then dialyzed against 8 liters of buffer A without 2-oxoglutarate and DTT (buffer B).
(iii)
Step 3: DEAE Bio-Gel A chromatography. The dialyzed fraction was applied to a DEAE Bio-Gel A column (23 by 2.8 cm) equilibrated with buffer A. After sample application, the column was washed with 4 column volumes of buffer A. GOGAT was subsequently eluted with a linear KCl gradient (0 to 0.5 M) (10 column volumes). Fractions with GOGAT activity were pooled and dialyzed against buffer B.
(iv)
Step 4: phenyl-Sepharose chromatography. The fraction from the previous step was taken to 12% saturation with ammonium sulfate. This sample was applied to a phenyl-Sepharose column (23 by 1.7 cm) equilibrated with 12% saturated ammonium sulfate in buffer A in the absence of PMSF. The column was washed with equilibrating buffer and eluted with a linear gradient from 12 to 0% saturation in ammonium sulfate and from 0 to 5% ethylene glycol in buffer A. GOGAT activity was eluted with a linear gradient of ethylene glycol (5 to 40%) in the same buffer.
(v)
Step 5: DEAE-Sepharose chromatography. Fractions that exhibited GOGAT activity were pooled and applied to a DEAE-Sepharose column (23 by 1.7 cm) previously equilibrated with buffer A. Sample elution was performed as described for step 3. Fractions with GOGAT activity were pooled and dialyzed against buffer B.
(vi) Step 6: affinity chromatography. A blue Sepharose column (13 by 1.2 cm) was equilibrated with 0.1 M potassium phosphate (pH 7.5), 1 mM EDTA, 0.2 mM 2-oxoglutarate, 5% glycerol, 1 mM DTT, 1 mM PMSF, and 50 g of TLCK per ml (buffer C). After application of the sample obtained from step 5, the column was washed with 20 column volumes of buffer C; GOGAT activity was eluted with buffer C that contained 0.1 mM NADH. Fractions with GOGAT activity were dialyzed against buffer B, concentrated by ultrafiltration with an Amicon YM 30 membrane, and stored at Ϫ70ЊC until used.
Purification of GOGAT from E. coli. E. coli MX614 (pro-lac galE ilv-680 thi1) (3) was grown in minimal medium at 37ЊC and 250 rpm. Cells were harvested in late exponential phase and stored at Ϫ70ЊC until used. NADPH-GOGAT was purified with modifications to the method of Sakamoto et al. (33) . All steps were carried out at 4ЊC. E. coli cells were resuspended in 10 mM potassium phosphate (pH 7.2), 0.1 mM EDTA, 10 mM 2-mercaptoethanol, 1 mM PMSF, and 50 g of TLCK per ml and disrupted in a Branson sonifier. After streptomycin-sulfate precipitation, the supernatant fluid was dialyzed against 10 mM potassium phosphate (pH 7.2) which contained EDTA and 1 mM DTT. Proteins obtained after 32.5 to 53% ammonium sulfate precipitation were dissolved in 20 mM potassium phosphate (pH 7.2), 1 mM EDTA, 2 mM 2-oxoglutarate, 100 mM KCl, and 1 mM DTT (buffer D) and dialyzed against buffer D without 2-oxoglutarate and DTT (buffer E). The dialyzed fraction was applied to a DEAE Bio-Gel A column equilibrated with buffer D. The column was washed with equilibrating buffer and subsequently eluted with a linear KCl gradient (0.1 to 0.7 M) in the same buffer. Pooled fractions with GOGAT activity were dialyzed against buffer E and applied to a DEAE-Sepharose column previously equilibrated with buffer D. Proteins were eluted and dialyzed as in the preceding step. Then the sample was applied to a red agarose column equilibrated with buffer D. The column was washed exhaustively with equilibrating buffer, and GOGAT activity was eluted with buffer D which contained 0.1 mM NADPH. Pooled fractions were dialyzed against buffer D without KCl and DTT, concentrated with an Amicon YM 30 membrane, and stored at Ϫ70ЊC.
Determination of GOGAT activity. Yeast GOGAT activity was determined by the method described by Roon et al. (30) (5 mM 2-oxoglutarate, 5 mM glutamine, 0.16 mM NADH in 0.1 M potassium phosphate [pH 7.0]), with azaserine (5 mM) inhibition as a control (7) . All assays were carried out at pH 7.0. E. coli GOGAT activity was determined by the method of Meers et al. (21) ; controls were also included in the presence of azaserine. Specific activities were expressed as micromoles of NADH oxidized per minute per milligram of protein at room temperature. Protein was measured by the method of Lowry et al. (17) with bovine serum albumin as the standard.
Molecular mass determination. Native molecular mass was determined on a Sephacryl S-300 gel filtration column (2.6 by 90 cm) equilibrated with 50 mM potassium phosphate (pH 7.5), 150 mM NaCl, and 1 mM DTT (buffer F) and eluted at a rate of 6 ml/h. The column was calibrated with molecular mass standards (in kilodaltons) from Sigma Chemical Co. and purified E. coli GOGAT (E. coli GOGAT, 874 [22] ; thyroglobulin, 669; apoferritin, 443; ␤-amylase, 200; alcohol dehydrogenase, 150; bovine albumin, 66; carbonic anhydrase, 29) dissolved in buffer F which contained 5% glycerol. Molecular mass was determined from a plot of the log molecular mass against volume of distribution/voided volume.
The apparent molecular masses of subunits were determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (34) Enzyme kinetics. The kinetics of S. cerevisiae GOGAT were determined with the enzyme obtained after affinity chromatography (step 6). The enzyme dissolved in buffer B had been frozen at Ϫ70ЊC. K m s were determined by assaying for GOGAT activity at different concentrations of glutamine, 2-oxoglutarate, or NADH and at saturating concentrations of other substrates (5 mM 2-oxoglutarate, 5 mM glutamine, and 0.16 mM NADH in 0.1 M potassium phosphate [pH 7.0]). Glutamine was used from 0 to 5 mM, and 2-oxoglutarate was used from 0 to 0.5 mM. K m s were obtained by nonlinear regression analysis of the MichaelisMenten plot. The K m for NADH was determined by time course reactions (5), with initial NADH concentrations of 25, 50, and 100 M. The pH optimum for GOGAT activity was determined with the activity assay buffer adjusted to different pH values with KOH.
Antibody production and Western blot (immunoblot) analysis. Antibodies against the S. cerevisiae GOGAT subunit were raised in rabbits and partially purified by ammonium sulfate precipitation according to the method of Gonzá-lez-Halphen et al. (12) . Immunoblotting was carried out as described by Towbin et al. (41) , with the modifications of González-Halphen et al. (11) . S. cerevisiae GOGAT antiserum was diluted 1:50,000, and goat anti-rabbit immunoglobulin G alkaline phosphatase conjugate was used as the second antibody. E. coli large subunit and small subunit GOGAT antisera were diluted 1:3,000,000 and 1:1,000,000, respectively.
Amino-terminal sequence analysis. Pure protein was electrophoresed on gels as described by Schägger et al. (34) and transferred onto a ProBlott membrane at 250 mA for 18 h (4ЊC) in the presence of 10 mM CAPS (pH 11.0)-10% methanol by the procedure of Matsudaira (20) . Membranes were stained, destained, and air dried as described by the same author. Amino-terminal sequence analysis was carried out on a Model 470 microsequencer by on-line PTH analysis (Applied Biosystems) at the W. M. Keck Foundation Biotechnology Resource Laboratory, Yale University.
The search for similarities with amino acid and nucleotide sequences was performed at the National Center for Biotechnology Information by using the BLAST network service.
Specific probes from alfalfa cDNA and heterologous hybridization. In order to obtain specific probes of the amino-and carboxy-terminal regions of alfalfa GOGAT cDNA, two pairs of deoxyoligonucleotides were used for PCR amplification. 5Ј-GAGTCTCTTGGTCACAAGG-3Ј, based on the sequence AESL GHK, and 5Ј-TTTAGTGAAAGGCGGTGCC-3Ј, based on the sequence KLSL RHC, were used to amplify the amino-terminal region (1,425 bp), and 5Ј-GC CCTGCACCTTGTGAAG-3Ј, based on the sequence GRVCPA, and 5Ј-ATAT GCGAGGCCACTGAGG-3Ј, based on the sequence EAEQHG, were used to amplify the carboxy-terminal region (765 bp).
Heterologous hybridization between alfalfa GOGAT cDNA probes (probes a and b in Fig. 4A ) and S. cerevisiae S288C genomic DNA was carried out at 58ЊC and by washing with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at the same temperature. Probes were radiolabelled by nick translation to a concentration of 10 6 cpm/ml. PCR amplification of S. cerevisiae genomic DNA. The following pair of degenerate deoxyoligonucleotides was designed: 5Ј-GGGAATTCGC(AGCT)GA (AG)AC(AGCT)CA(CT)C-3Ј, based on the sequence AETHQT and localized on the putative flavin mononucleotide binding region of alfalfa NADH-GOGAT, and 5Ј-GGGAATTCAA(AG)TT(AGT)AT(AGCT)AC(AG)T-3Ј, based on the sequence FNIVHE and 300 bp downstream of the former. Both deoxyoligonucleotides had terminal EcoRI restriction sites and two additional guanine residues. PCR amplification of yeast genomic DNA was carried out in a thermocycler (Mj Research, Inc.) with the following program: denaturation at 94ЊC for 1 min, annealing at 40ЊC for 3 min, and elongation at 72ЊC for 1 min. The amplification product (300 bp as judged on an agarose gel) was cloned in the EcoRI restriction site of the Stratagene SK plasmid and sequenced by the Sequenase II method.
Independent clones (5 ϫ 10 4 ) of the YCp50 S. cerevisiae genomic library (31) were screened with the labelled 300-bp PCR insert (10 6 cpm/ml) as the probe. Northern (RNA) analysis. Northern analysis was carried out as previously described by González et al. (10) . Total yeast RNA was prepared from 50 ml of minimal medium overnight cultures of wild-type S288C as described by Struhl and Davis (37) .
RESULTS
Purification, kinetics, and immunochemical characterization of GOGAT enzyme. GOGAT enzyme was purified from S. cerevisiae CN36 (MATa his lys1 gdhl) (7) by classical chromatographic methods (described in Materials and Methods). A 358-fold increase in specific activity was attained (Table 1) . SDS-PAGE analysis of the fractions obtained at each step in the purification protocol is shown in Fig. 1A . The molecular mass of the purified subunit was 199 kDa as estimated by SDS-PAGE. In contrast, the E. coli GOGAT enzyme was composed of a large subunit (150 kDa) and a small subunit (50 kDa) as described by Miller and Stadtman (24) (Fig. 1B) . b Fold increase in specific activity.
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The native molecular mass of S. cerevisiae GOGAT estimated by gel filtration was 610 kDa (Fig. 2) . This value suggests that the protein associates as a trimer. We used the E. coli enzyme as a molecular mass standard since it has been shown that E. coli GOGAT is arranged as a two-subunit tetramer (24) , with a molecular mass of 874 kDa calculated from gene sequence data (27) .
Curves for the activity of the purified enzyme plotted against substrate concentration were hyperbolic, showing normal Michaelis-Menten kinetics. The apparent K m s were 294 M for glutamine, 104 M for 2-oxoglutarate, and 3.8 M for NADH. Activities at saturating substrate concentrations exhibited a broad pH optimum, between pH 6.4 and 7.4 (data not shown).
The 199-kDa band recovered from the affinity column was transferred to a ProBlott membrane, and the amino-terminal sequence was XGVGFVAN. The initial cysteine was not confirmed by Edman degradation, since the protein had not been previously modified to produce a more stable cysteine derivative (35) . Nevertheless, the presence of a cysteine at position 1 of the mature protein was confirmed by nucleotide sequencing of the gene (see Fig. 6B ).
Polyclonal antibodies were produced against partially denatured S. cerevisiae GOGAT. Western blot analysis of the SDS-PAGE crude extract showed a reactive band that corresponded in molecular mass to that of the purified protein (199 kDa) (data not shown). GOGAT antibodies cross-reacted with baker's yeast crude extracts, also exhibiting a band of 199 kDa (Fig. 3) . On the other hand, no reaction was observed with purified E. coli GOGAT enzyme (Fig. 3) ; antibodies produced against each subunit of E. coli GOGAT did not cross-react with purified yeast GOGAT (data not shown).
These results suggested that S. cerevisiae has a single GOG AT enzyme composed of three 199-kDa monomers. In order to ascertain if a single GOGAT is present in S. cerevisiae, we decided to clone the structural gene that codes for this protein.
Cloning of the glutamate synthase structural gene. Since comparative analysis of the amino acid sequences of the alfalfa (NADH-GOGAT), maize (Fd-GOGAT), and E. coli (NADPH-GOGAT) enzymes had revealed the existence of conserved regions (14) , we explored whether alfalfa GOGAT probes could identify homologous regions in yeast genomic DNA. The amino-and carboxy-terminal regions of the alfalfa GOGAT gene were amplified as described in Materials and Methods and used as probes with S. cerevisiae genomic DNA (probes a and b [Fig. 4A] ). These probes recognized one or two main bands that were clearly distinguishable from the hybridization background, suggesting that the yeast genome contained sequences homologous to the alfalfa GOGAT gene. Two de- oxyoligonucleotides derived from the central region of the alfalfa GOGAT gene were used to obtain a homologous yeast probe by PCR amplification of S. cerevisiae genomic DNA. A 300-bp fragment (probe c [ Fig. 4B] ) that recognized the restriction fragments previously identified by probes a and b was obtained (Fig. 5 ). This probe shared 70% similarity at the amino acid level with alfalfa GOGAT, as judged by the Genetic Computer Group program (Fig. 6A) . Probe c was used as the probe for colony hybridization with the YCp50 genomic library. After the first screening, probe d (Fig. 4B ) was obtained and used as the probe for colony hybridization with the YCp50 library. After restriction analysis of the plasmids in 20 positive clones, six classes were identified. In order to construct a restriction map (Fig. 4B) , probes a and b were hybridized with restriction digests of one plasmid from each class. A 0.5-kb fragment defined by a vector and a genomic EcoRI restriction site was subcloned from Yc14 ( Fig. 4B) and sequenced. The putative amino acid sequence showed that yeast GOGAT protein has a presequence of 28 amino acids and a highly conserved mature amino terminus, compared with the amino-terminal regions of other GOGAT proteins (Fig. 6B) . Cys-1 is also conserved; this result is in agreement with the fact that this is an active-site residue involved in the reaction with glutamine (13, 22, 28, 43) .
To determine the size of the mRNA that codes for yeast GOGAT, probe c was used on total RNA obtained from a wild-type yeast strain (S288C). As shown in Fig. 7 , a major band of around 7 or 8 kb was identified. These results indicate that the GOGAT enzyme from S. cerevisiae should be constituted by a high-molecular-weight polypeptide, in agreement with our purification results. In order to analyze whether the 199-kDa polypeptide was the only GOGAT in S. cerevisiae, we decided to disrupt the gene (GLT1) that codes for this protein.
Construction of a null GOGAT mutant. In order to obtain a null GOGAT mutant, we constructed plasmid pLV1 by cloning the 4.5-kb GOGAT internal fragment (Fig. 4B, probe d) in the YIp5 integrative vector, which harbors the URA3 yeast gene. After BglII digestion of pLV1, two fragments were obtained. One was a small (1-kb) internal BglII-BglII fragment of the 4.5-kb insert, and the other was the linearized plasmid, bearing at one end a 2-kb GOGAT region and at the other a 1.5-kb GOGAT region. This linearized fragment was used to direct homologous recombination into the yeast genome. In this way, the LA1 (MAT␣ GDH1 ura3) haploid strain was transformed to prototrophy. DNAs were isolated from 10 transformants and digested with AflII (an enzyme that does not cut the 
DISCUSSION
Characterization of the yeast gene that codes for GOGAT (GLT1) and of its protein product has been reported here.
Our biochemical results show that S. cerevisiae has a single oligomeric NADH-GOGAT enzyme composed of three 199-kDa monomers. Our purified preparation has K m s for glutamine, 2-oxoglutarate, and NADH that are comparable to those reported for plant NADH-GOGAT and for bacterial NADH-GOGAT and NADPH-GOGAT (1, 6, 15, 24, 29, 44) . Alignment of the amino-terminal region of our preparation with those of GOGAT enzymes from other species showed high similarity and provided evidence for the unambiguous identification of the purified protein as a GOGAT enzyme. In addition, the yeast GOGAT enzyme consists of a high-molecular-weight monomer similar to the one purified from alfalfa (1). However, although in alfalfa the active enzyme is monomeric, our results suggest that the active enzyme may be homotrimeric in S. cerevisiae.
Purification of the yeast enzyme showed that S. cerevisiae has a single GOGAT enzyme exclusively composed of 199-kDa polypeptides, thus contradicting two previous observations. As mentioned in the introduction, a heterodimeric GOGAT enzyme composed of a large (169-kDa) subunit and a small (61-kDa) subunit was purified from S. cerevisiae (19) , and we reported the cloning of a gene (GUS2) that was proposed to code for the 61-kDa polypeptide that formed part of the heterodimeric enzyme (10) . Thus, the existence of two GOGAT enzymes in S. cerevisiae, one homotrimeric and the other heterodimeric, was a possibility to be considered. In order to definitively establish whether this microorganism has a single enzyme or two GOGAT isozymes, we decided to clone the gene that codes for the 199-kDa monomer and to construct null GOGAT mutants.
We have cloned the gene that codes for the high-molecularweight monomer, since the amino-terminal sequence of the mature protein derived from the nucleotide sequence showed a perfect match with that obtained by direct protein sequencing. Furthermore, the fact that a 7-to 8-kb GOGAT mRNA was identified with the central region of the cloned gene as a probe confirms the existence of a single gene to code for a single 199-kDa polypeptide involved in the GOGAT primary structure.
Disruption of the gene that codes for the 199-kDa polypeptide resulted in a complete lack of NADH-GOGAT activity, thus definitively establishing the fact that S. cerevisiae has a single NADH-GOGAT enzyme.
The results presented above strongly suggest that the twosubunit enzyme previously purified from S. cerevisiae (19) 1 and 2, respectively) . The specific activity of each probe was about 10 9 cpm g Ϫ1 DNA.
been reported for maize leaf Fd-GOGAT (32) and for Fd-GOGAT from a Synechococcus sp. (18) . Since the dimeric enzyme was purified from baker's yeast, we decided to explore whether the 199-kDa polypeptide was present in crude extract from this source. Our results unambiguously show that there is a 200-kDa band in baker's yeast extracts that cross-reacts with the antibodies raised against our purified enzyme. We previously reported the cloning of the GUS2 gene and proposed that this gene coded for the 61-kDa GOGAT subunit (10) . This proposition was based mainly on the fact that E. coli GOGAT mutants which lacked the small subunit of GOGAT were complemented by GUS2. However, this result proved to be irreproducible. Furthermore, since we have shown that the only polypeptide involved in GOGAT structure is encoded by a 7-to 8-kb mRNA, the possibility that GUS2, which codes for a 1.5-kb mRNA, plays a role in GOGAT structure is completely ruled out. However, the fact that GUS2 complemented our previously isolated GOGAT-less mutant (CN39) (10) suggests that the product of GUS2 plays a regulatory role and that the mutations present in strain CN39 are regulatory. Experiments are under way in order to address this matter.
The finding that S. cerevisiae has a eukaryotic-type NADH-GOGAT is in agreement with the fact that all of the eukaryotic NADH-GOGAT enzymes purified so far are composed of high-molecular-weight polypeptides. This should shed light on studies of the evolutionary origins of different GOGAT genes.
Finally, it is worth mentioning that, like GOGAT proteins from other organisms (14, 32) , the yeast GOGAT enzyme contains a presequence, although this region is not conserved; its role remains to be studied.
